To provide a comprehensive assessment of patient setup accuracy in 6 degrees of freedom (DOFs) using 2-dimensional/ 3-dimensional (2D/3D) image registration with on-board 2-dimensional kilovoltage (OB-2DkV) radiographic images, we evaluated cranial, head and neck (HN), and thoracic and abdominal sites under clinical conditions. A fast 2D/3D image registration method using graphics processing unit GPU was modified for registration between OB-2DkV and 3D simulation computed tomography (simCT) images, with 3D/3D registration as the gold standard for 6DOF alignment. In 2D/3D registration, body roll rotation was obtained solely by matching orthogonal OB-2DkV images with a series of digitally reconstructed radiographs (DRRs) from simCT with a small rotational increment along the gantry rotation axis. The window/level adjustments for optimal visualization of the bone in OB-2DkV and DRRs were performed prior to registration. Ideal patient alignment at the isocenter was calculated and used as an initial registration position. In 3D/3D registration, cone-beam CT (CBCT) was aligned to simCT on bony structures using a bone density filter in 6DOF. Included in this retrospective study were 37 patients treated in 55 fractions with frameless stereotactic radiosurgery or stereotactic body radiotherapy for cranial and paraspinal cancer. A cranial phantom was used to serve as a control. In all cases, CBCT images were acquired for patient setup with subsequent OB-2DkV verification. It was found that the accuracy of the 2D/3D registration was 0.0 + 0.5 mm and 0.1 + 0.4 in phantom. In patient, it is site dependent due to deformation of the anatomy: 0.2 + 1.6 mm and À0.4 + 1.2 on average for each dimension for the cranial site, 0.7 + 1.6 mm and 0.3 + 1.3 for HN, 0.7 + 2.0 mm and À0.7 + 1.1 for the thorax, and 1.1 + 2.6 mm and À0.5 + 1.9 for the abdomen. Anatomical deformation and presence of soft tissue in 2D/3D registration affect the consistency with 3D/3D registration in 6DOF: the discrepancy increases in superior to inferior direction.
Introduction
Image-guided radiotherapy has substantially improved the accuracy of patient setup, resulting in greater confidence in tumor dose coverage and in many instances, reducing the treatment margin and sparing more normal tissue. 1, 2 In-room 2-dimensional kilovoltage (2DkV) imaging systems, which provide high-contrast images of bony structures, implanted fiducials, and even soft tissues, are essential for localizing and positioning an internal target. A gantry-mounted kV system, such as Varian On-board Imager (Varian Medical Systems, Palo Alto, California) and the Elekta Synergy system (Elekta Inc, Stockholm, Sweden), provides orthogonal on-board 2DkV (OB-2DkV) images and/or half/full rotational scan around the linac isocenter for cone-beam computed tomography (CBCT) images. 3, 4 The 3-dimensional (3D)/3D registration between CBCT and simulation CT (simCT) images yields 6 degrees of freedom (DOFs), while the 2-dimensional (2D)/2D registration between orthogonal OB-2DkV image pair and digitally reconstructed radiograph (DRR) images can produce 5DOF, including 2 in-plane rotations (Yaw and Pitch), leaving roll rotation undetected. In conventional-fractionation radiotherapy, translational alignment is of primary importance, whereas residual rotations are often uncorrected. In frameless stereotactic radiosurgery (fSRS) or stereotactic body radiotherapy (SBRT), however, correction of residual rotation becomes more important, as it can improve treatment accuracy, especially for targets with asymmetric shape and next to a critical structure.
Full 6DOF can be obtained from orthogonal 2DkV images using 2D/3D image registration and has been used by Cyber-Knife (Accuray Inc, Sunnyvale, California) and ExacTrac (BrainLab, AG Feldkirchen, Germany) to correct body rotation using a 6-dimensional (6D) couch. [5] [6] [7] [8] [9] These room-mounted imaging systems produce orthogonal, oblique 2DkV images, and 3 rotational alignments can be achieved by matching the 2DkV with a variety of DRRs generated with small rotation intervals. In rigid anatomy, the accuracy of 2D/3D registration in 6DOF has improved from 1.5 to 0.75 mm, approaching the accuracy of 3D/3D registration. 3, [9] [10] [11] [12] [13] However, these 2D/3D registration programs can only handle system-specific 2DkV images acquired from their own systems. Neither of the 2 systems can perform registration using OB-2DkV images.
Recently, the 2D/3D image registration method has been reported for an isocentric linac system and was validated using artificial and animal phantoms. [14] [15] [16] A registration accuracy of 1.0 mm was achieved based on fiducial registration error (FRE) 14 and performance was enhanced using a graphics processing unit (GPU). 17 In this article, we assess the accuracy of 2D/3D registration in 6DOF using OB-2DkV in 4 anatomical sites under clinical conditions. Thirty-seven patients treated in single-or hypofraction SRS or SBRT were studied. The CBCT was acquired for patient setup and OB-2DkV images were acquired for setup verification after CBCT shift. A head phantom experiment was conducted to evaluate the intrinsic registration accuracy as a control. The registration of CBCT/simCT was used as the gold standard to evaluate 2D/3D registration in 6DOF using OB-2DkV at 4 sites in the body, including the brain, head and neck (HN; clavicle [C-]spine), thorax (thoracic [T-]spine), and abdomen/pelvis (lumbar [L-]spine).
Materials and Methods

Patient and Phantom Image Acquisition and 2D/3D Registration
Two patient data sets were used: orthogonal OB-2DkV images and CBCT images. Between the orthogonal OB-2DkV imaging (brief as 2DkV afterward), there was 15 to 20 seconds time interval to rotate the gantry by 90 . Between CBCT for setup shift and 2DkV for setup verification, the time interval was within 5 to 10 minutes, including image acquisition, manual registration, and setup approval. Frameless stereotactic immobilization devices, which restrict motion within 1.0 mm, 18, 19 were used for all patients who were treated with fSRS or SBRT.
The treatment sites included cranial (brain) and paraspinal (C-spine, T-spine, and L-spine) regions, covering the entire axial skeleton. Bony landmarks were used for alignment. The image data sets of 37 patients (55 fractions) were studied, including 17 cranial patients (19 fractions), 7 C-spine (10 fractions), 5 T-spine (11 fractions), and 8 L-spine (15 fractions). A head phantom was also studied. Full-fan CBCT was usually acquired with 2-mm slice thickness, although half-fan CBCT was also used for thoracic and abdominal sites. The orthogonal 2DkV images were acquired at different combinations of gantry angles: 22 (270 and 0 ), 5 (0 and 90 ), 12 (315 and 45 ), and 16 (135 and 225 ). The CBCT/simCT (3D/3D) registration was used as the gold standard to evaluate 2DkV/DRR (2D/ 3D) registration.
The 2D/3D registration program was written in Cþþ (GCC 4.6) with GPU (NVDIA CUDA toolkit v4.0 under Ubuntu 12.04, a LINUX operating system) parallel processing. A laptop computer (Intel i7 CPU-Q720 at 1.6 GHz, 8 GB RAM, in 64bit Windows 7 with NVDIA Quadro FX 880M) was used for the 2D/3D registration. The normalized mutual information was applied as the metric with 16 bins for the joint histogram, and Powell newoua derivative-free algorithm (InitRhoStart ¼ 2 for controlling initial step size) was used as the optimizer with 2000 maximum iterations and a 1 Â 10 À6 function tolerance as stop criteria. Multi-resolution approach was applied. The window/level (W/L) setting is image specific, aiming for optimal view of the bones.
Coordinate System for 2D/3D Image Registration
The OB-2DkV imaging (camera) coordinate system (CS) was set differently from the megavoltage treatment beam (room) CS. 14 The origin of the 2DkV CS was set at the center of the 2D imager, which was 500 mm away from the machine isocenter. The position of the x-ray imaging source was set 1000 mm from the treatment isocenter and 1500 mm from the imager panel in the direction of the foot (Figure 1 ). The 2 orthogonal imaging positions were 90 apart clockwise. In brief, the relationship between a 3D point w of the volume in the room CS and its projected 2D point n in the 2DkV image CS can be described as:
where P image camera is a perspective projection matrix and T camera room is a rigid transformation matrix from the CS of the room to the image. These 2 matrices are expressed as:
where f (¼1500 mm) is defined as the distance between the xray source and imager plane.
where C and S denote cosine and sine functions, respectively, and a, b, and g are the Euler angles of the Cartesian axes in the x, y, and z directions, respectively; t x , t y , and t z are the elements of translational vector: T ¼ (t x , t y , t z ) T . The rotation matrix R is the first 3 rows and columns:
where R z , R y , and R x are the 3 Â 3 rotation matrices for rotation around the z-, y-, and x-axes.
Initial Guess for Automatic 2D/3D Image Registration
The ideal alignment position was used as the initial guess for 2D/3D registration by aligning the planning isocenter in simCT (a point within the image volume) with the machine isocenter for 2D (at the center of the image plane) and 3D (at the center of the image volume) on-board imaging. In simCT images, the isocenter coordinate relative to the center (x ctr , y ctr , and z ctr ) of the image volume, or field of view (FOV), was calculated based on Digital Imaging and COmmunication in Medicine (DICOM) information, including the image position (x 0 , y 0 , z 0 ), pixel size (a, b), slice thickness (c), image size (512 Â 512 Â N; N ¼ number of slices), and the isocenter coordinate (x iso , y iso , and z iso ). So the new coordinate of the isocenter (x 0 iso , y 0 iso , and z 0 iso ) relative to the center of the FOV represented the ideal translational alignment: The initial rotations of the 2DkV images were set as shown in Figure 1 . Nonideal initial guesses with *+5 mm away from the ideal alignment position were tested in the phantom case.
Image Preprocessing and Post-registration Verification
An in-house MatLab program was developed to process 2DkV before 2D/3D registration (1) adjusting the W/L to optimally visualize bony structures in both 2DkV images and DRRs and the new pixel grayscale was saved for registration and (2) drawing masks for 2DkV images and DRRs to exclude moving anatomy and foreign objects from the registration. For instances, the arm and diaphragm were excluded from the region of interest (ROI). After registration was completed, it was checked using chessboard (multi-split windows) visualization.
The FOV of the simCT images was cropped to eliminate peripheral air voxels and the grayscale was rescaled to 0 to 255 using ANALYZE (AnalyzeDirect, Inc, Overland Park, Kansas). The center of the FOV of the simCT images was preserved, and the final voxel size, using tri-linear interpolation, was 1.0 Â 1.0 Â 1.0 mm 3 .
Rotational Conversion From Imaging System to Couch System
The rotation results from 2D/3D registration refer to the OB imager CS, which was converted to couch CS to determine patient shifts in 6DOF. Four imaging positions ( Figure 1 
where R is defined in Equation 4 , the Euler angles (f, y, and c) are defined in the R 0 CS, and C and S denote cosine and sine functions, respectively. Using Equations 6 and 7, the Euler angles and the translational shift vector (a 0 , b 0 , and c 0 ) in the couch CS were calculated.
3D/3D (CBCT/simCT) Image Registration
The registration of CBCT and simCT images was automatic with a bone density filter (200-1700 HU) in 6DOF using ARIA Offline Review (Varian Medical, Palo Alto, California). The autoregistration results were visually verified. Since clinical CBCT images that were saved in the ARIA database represent final patient setup position, the result of 3D/3D registration reflects the difference between manual 3DOF and automatic 6DOF registrations. The discrepancy between 2D/3D and 3D/ 3D registrations was used to assess the accuracy of 2D/3D registration in 6DOF. Table 1 shows the results comparing 2D/3D and 3D/3D image registration (with a bone density filter) for 4 anatomic sites, including the brain (head), C-spine (HN), T-spine (thorax), and L-spine (abdomen/pelvis). In each dimension of translation and rotation, the average differences were 0.7 + 2.0 mm and À0.2 + 1.4 for all sites, and these averages increased from superior to inferior sites. Without motion and deformation, the phantom results showed 0.0 + 0.5 mm and 0.1 + 0.4 using the ideal alignment as initial guess but 0.4 + 1.1 mm and 0.2 + 0.3 using 6 nonideal alignments (with *+5 mm from the ideal position) as initial guesses. Table 2 shows 6DOF results for all 4 anatomic sites; no consistent difference was observed among the 3 rotations. Figure 2 shows the distribution of the differences in all patients. The retrospective automatic 3D/3D Abbreviations: avg, average; C-spine, clavicle spine; L-spine, lumbar spine; st dev, standard deviation; T-spine, thoracic spine; 2D, 2-dimensional; 3D, 3-dimensional. a Registration was started 6 arbitrary positions with *+5 mm from the ideal alignment.
Results
registration in 6DOF produces some noticeable differences from the online manual image registration in 3DOF (Table 3) .
Head Image Registration Figure 3 shows the chessboard evaluation of the registration results in a brain cancer case, and Figure 2A shows the distribution of the discrepancy between 2D/3D and 3D/3D image registrations in each dimension of the translations and rotations in cranial cases. All patients for cranial cancer underwent fSRS, which used both head molds and mouth bites to immobilize the head; motion between CBCT and 2DkV is within 1.0 mm. 19 In addition, minimal deformation was expected in images of the head, especially for registration with a bone density filter, which eliminates the contribution from soft tissue in 3D/3D registration. Soft tissue pixels are present in 2D/3D image registration, although W/L was adjusted to enhance bony structure and suppress soft tissue. The discrepancy between 2D/3D and 3D/3D registration in patients is 0.2 + 1.6 mm and À0.4 + 1.2 in each DOF. For rigid head phantom, the registration discrepancy is 0.0 + 0.5 mm and 0.1 + 0.4 , smaller than those in patient cases.
Head and Neck Image Registration
The discrepancy between 2D/3D and 3D/3D registration in HN patients is 0.7 + 1.6 mm and 0.3 + 1.3 . The difference in C-spine curvature between setup and simulation is visible in both 2D and 3D images, resulting in a slightly higher discrepancy than that found in cranial images. Possible patient motion in CBCT and 2DkV imaging may also contribute to the discrepancy. Figure 4A shows that soft tissue alignment is ignored in 3D/3D registration due to the use of a bone density filter, whereas it is present in 2D/3D registration. Figure 4B also shows 3D/3D thoracic (T-spine) image registration that ignores patients' arms because of a limited FOV and ignores soft tissue (including the diaphragm) because of the use of a bone density filter. In 2D/3D registration, these moving anatomical elements were avoided by drawing a mask to exclude them from the ROI, as shown in Figure 5 . Respiration-induced motion reduces registration accuracy, resulting in a higher discrepancy of 0.7 + 2.0 mm and À0.7 + 1.1 between 2D/3D and 3D/3D registration.
Thoracic Image Registration
Abdominal and Pelvic Image Registration
The 2D/3D image registration in abdominal and pelvic sites (L-spine) has the highest discrepancy, when compared with 3D/3D registration: 1.1 + 2.6 mm and À0.5 + 1.9 , primarily resulting from different degrees of soft tissue involvement, deformation, and bone positioning variation.
Discussion and Conclusion
In this retrospective study, we have demonstrated that OB-2DkV images can be used via 2D/3D registration to provide 6DOF for patient setup at the 4 major sites. Although on-board imaging can produce CBCT images for a 6DOF setup, CBCT imaging exposes patients to a much higher dose of radiation and has a smaller FOV than orthogonal 2DkV imaging. We evaluated 37 patients, 55 treatments, and 4 different anatomic sites, and the discrepancy between 2D/3D and 3D/ 3D image registration was found to increase slightly from cranial to C-spine to T-spine to L-spine sites. As Table 3 shows, patient rotation is present within a range (2s) of *3 in extracranial cases and *1 in intracranial cases using manual adjustment. Residual rotation can lead to potential adverse effects in dose delivery for tumor with irregular shape and/or a nearby critical structure. In the presence of rotation, manual registration relies on local bony structure for target localization, but this is subjective and user dependent. The 3D/3D registration uses a bone density filter (200-1700 HU) for intensity range selection for registration. The roll rotation is only calculated from different DRRs With minute rotation variation away from the theoretical roll rotation. For C-spine and L-spine cases, the average and standard deviation for roll rotation are higher than that for pitch and yaw, whereas in the brain and T-spine, all three rotations have similar accuracy and uncertainty.
Assessment of 2D/3D Registration Using 3D/3D Registration as Gold Standard
could be obtained from the CBCT scans to minimize the time gap to within 1 minute between imaging; however, such projections are lost in a retrospective study as the raw scanning data are not saved after 48 hours. The result from head phantom data as a control shows a better registration result in the absence of deformation (0.0 + 0.5 mm and 0.1 + 0.4 ). It also illustrates that the importance of using the ideal alignment as initial guess in 2D/ 3D registration, as the accuracy and uncertainty are degraded to 0.5 + 1.1 mm in translation while similar (0.2 + 0.3 ) in rotation, suggesting that a locally optimal result could occur.
There is an intrinsic difference between 2D/3D and 3D/3D image registration: that is, the contribution from soft tissue, which is more likely to be deformable. In 3D/3D registration, a bone density filter (200-1700 HU) was applied so that only bony structures were used for alignment, whereas 2D/3D registration is not equipped with such a filter. Although the W/L of both 2DkV and DRRs is manually adjusted for optimal visualization of the bony structure, some soft tissues are included in the registration, as shown in Figures 3 and 5 . Soft tissue, which comes with dramatic contrast and possible motion, such as air in the bowels, heart-lung and diaphragm-lung interfaces, and skin surface, would deviate 2D/3D registration from bony alignment. In fact, we observed that the difference between 3D/3D registrations with and without the bone density filter is around 0.2 + 0.2 mm or 0.1 + 0.1 on average. This effect is patient and site dependent. Similar observations were reported earlier. [20] [21] [22] Deformation within the ROI plays a significant role in both 2D/3D and 3D/3D image registration. The head phantom results show the intrinsic uncertainty of the 2D/3D registration (0.5 mm and 0.3 ), which are better than patient results in the cranial site (1.6 mm and 1.2 ). Because whole head is used as ROI in both phantom and patient cases, inclusion of lower jaw (Figure 3) elevates uncertainty from the differences in jaw position and associated soft tissue deformation in patient cases. Selective ROI definition can improve the accuracy. 22, 23 Furthermore, both 2D/3D and 3D/3D registrations are rigid, and they are therefore not accurate in handling images deformed between simCT and pretreatment CBCT or 2DkV. Thus, 3D/3D registration itself may not be completely reliable and accurate. In fact, the precision of 3D/3D registration is 1.0 mm. So using CBCT/simCT registration as the gold standard has an uncertainty of at least 0.5 mm (half of the precision) in deformable anatomy. Although the deformation effect has been minimized as much as possible by masking out specific mobile structures, such as the arm and diaphragm ( Figure 5) , deformation is inevitable and will affect registration in both methods, causing patient-related discrepancies that go beyond method-related discrepancies. 24 This could explain the increasing discrepancy in sites from the head to abdomen/pelvis, as shown in Table 1 .
Finally, the imaging isocenter between 2DkV and CBCT differs by 0.5 mm in our Trilogy machine, based on the Winston-Lutz test. Therefore, this intrinsic discrepancy also affects the difference between 2D/3D and 3D/3D registration, since the 2 imaging isocenters were not perfectly aligned.
Different Uncertainties in 2D/3D Registration for Different Anatomical Sites
In a previous study, 14,15 a pig's head with fiducial markers was used as a nonrigid phantom to assess this 2D/3D image registration and its accuracy was assessed based on FRE. A mean FRE of 1.3 mm was reported, showing the absolute accuracy for fiducial matching. Although a different end point for comparison was chosen in this study, the standard deviation in head registration (0.2 + 1.6 mm and À0.4 + 1.2 for cranial anatomy) is roughly on the same level.
Head motion is minimized since the frameless stereotactic immobilization system was used to fix the patient for fSRS treatment, 19 restricting head motion within a millimeter. For other treatment sites, SBRT immobilization utilizing a body cradle and an indexed box 25 was used. As the body immobilization decreases and mobility increases, the motion plays an increasing role from HN to the thorax and to the abdomen, which was observed from this registration study, as shown in Table 1 . Previously, we evaluated volumetric image registration in the thoracic and abdominal regions and observed a similar trend of increasing uncertainty in the direction of superior to inferior. 22, 26, 27 Drawing a mask to eliminate interference objects, including movable tissue and foreign devices, is essential for an accurate 2D/3D image registration, especially the nonaxial bones and moving diaphragm. The registration dependency on ROI selection has been reported. 22, 23 In the thorax, the spine and rib cage have a fixed geometric relationship, except for slight breathing motion at anterior sides. Movable tissues, such as the humeral bone and diaphragm, were excluded from both 2DkV and CBCT images using masking and a small FOV, respectively, as shown in Figures 4 and 5 . In the abdomen, the spine and iliac crest bone could be slightly twisted from the simulation position, causing more deformation. Moreover, air in the digestive tract produces high contrast and introduces substantial image variations, 24 which cannot be easily eliminated from 2DkV images. In addition, unlike the thorax where the lung density is low, the organs in the abdomen/pelvis are dense and contribute more pixel intensity in 2D/3D registration. Therefore, the difference between the 2D/3D and 3D/3D registrations in the abdominal site produced the largest deviations among all 4 sites (Table 1) .
Potential for Using OB-2DkV Imaging for 6DOF Patient Setup
This study shows that the accuracy of 2D/3D registration is dependent on anatomic sites, due to the degree of deformation at each site and the inability of current 2D/3D registration to eliminate the contribution of pixel intensity from soft tissue. This deformation includes higher potential body motion in the body than cranial case, since the SBRT body cradle is less stringent than the fSRS immobilization device. The current 2D/3D registration is sensitive to the W/L of 2DkV images, which determines bone-to-soft-tissue contrast used in the registration. In the 2D/3D registration program, the CT grayscale was scaled down to 1 byte (0-255) from 2 bytes (0-4095) to match that of 2DkV. Further study toward implementing a pseudobone density filter for 2DkV imaging may be a key to improve the consistency between 2D/3D and 3D/3D registrations, while automasking could be implemented to automatically determine the ROI. 28 Deformation in the bony landmarks, however, is an intrinsic uncertainty for any rigid image registration and cannot be easily corrected. It is worthwhile to compare manual 3DOF and automatic 6DOF results ( Table 3 ). The noticeable difference between these 2 results suggests for the importance of rotational adjustment. In addition, under our clinical setup procedure for stereotactic treatment, the rotation factor is generally limited to within 3 on average in the 4 sites. Clinically, it is desirable to further minimize patient rotation at setup, and 2D/3D registration using OB-2DkV has the potential to provide an imaging guidance alternative to CBCT for patient rotation correction.
The current 2D/3D registration assumes that patient does not move between 2 orthogonal 2DkV imaging, which is 15 to 20 seconds apart. Respiratory motion will likely produces 2 2DkV images at different respiratory phases. Such involuntary motion affects soft tissues mostly, with some impacts on the anterior ribs, which are not fully accounted for in 2D/3D registration. In addition, it is critical to have automation in the 2D/3D registration pipeline, replacing the current manual preparation, to facilitate clinical workflow.
This study has demonstrated that OB-2DkV images can be used to achieve 6DOF image registration with an uncertainty of 1.5 mm and 1.2 for cranial anatomy in patients. A quantified difference between phantom and patient results demonstrates elevated magnitude of uncertainty in clinical patient setup using 2D/3D registration. For the 4 anatomical sites, the uncertainty of 2D/3D registration increases from the superior to inferior sites, primarily due to patient anatomy. On-board 2DkV could be used to control the 6D couch for 6DOF patient setup via 2D/3D image registration, although there is room for further improvement.
